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Anti-Swelling, High-Strength, Anisotropic Conductive
Hydrogel with Excellent Biocompatibility for Implantable
Electronic Tendon

Na Li, Qingyu Yu, Sidi Duan, Yingjie Du, Xiaojiao Shi, Xinyu Li, Tifeng Jiao,* Zhihui Qin,*
and Ximin He*

As hydrogels rapidly advance for diverse technologies, their practical
applications as implantable artificial tendon becomes promising, yet
challenging. It requires similar anisotropic fibril structures, matching water
content, high mechanical strength, good biocompatibility, and stable
performance under physiological conditions. Furthermore, the capabilities of
real-time joint motion monitoring and implant condition are extremely
important for the precise assessment of rehabilitation processes. However, it
is challenging to realize all these properties simultaneously. Herein, this work
reports an intelligent implantable artificial tendon based on strong and
conductive anisotropic hydrogel, by coupling prestretching-induced ordered
structure with drying-enabled strengthening. The fiber structure fixed during
drying/rehydration produces a dense and stable network with a hierarchically
anisotropic structure. The resulting anisotropic hydrogel presents excellent
anti-swelling ability (<3%), high tensile strength (3.71 MPa), and toughness
(9.86 MJ m−3) upon hydration, at a tendon-matching water content of
72.5 wt%. The in vitro and in vivo tests demonstrate its excellent
biocompatibility with significant protein resistance. With reliable strain
sensing, the hydrogel can act as an intelligent artificial tendon to restore and
real-time monitor joint motion in an in vitro model. The SD rats with tendon
defects display restored motor function after implantation of the hydrogel as
tendon substitutes, facilitating malfunction tissue therapeutics and
rehabilitation.

1. Introduction

Natural structural tissues in biological systems, such as tendons,
skeletal muscles, cartilages, and ligaments, exhibit hierarchically
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anisotropic microscopic structures that give
them superior mechanical performances
and specific biological functions.[1,2] For in-
stance, tendons, which play a crucial role in
joint motion, are high-strength, anisotropic
connective tissues composed of a hierarchy
of linearly arranged collagen fiber bundles
and possess a high water content of 60–
80 wt%.[3,4] However, tendon injuries are
common muscle disorders with poor or no
effective healing capacity.[5,6] The develop-
ment of high-strength biomimetic materi-
als could provide a promising treatment
option for tendon injuries. Among various
materials, hydrogels have emerged as an
ideal class of synthetic materials due to their
structural and compositional similarities
to the native extracellular matrix.[7] How-
ever, the strength and toughness of conven-
tional hydrogels are usually low, limiting
their applications in load-bearing areas.[8]

To be suitable for implantable applications
as biomimetic artificial tendons, a hydro-
gel should have excellent mechanical prop-
erties with biomimetic anisotropic struc-
ture for essential load-bearing capabilities.
Additionally, the hydrogel should demon-
strate minimal swelling to ensure the sta-
bility of its structure and performance in a

physiological environment. Finally, good biocompatibility is es-
sential to minimize adverse immune responses after the implan-
tation.
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Recently, significant efforts have been devoted to engineering
biomimetic hydrogels with anisotropic structures and greatly im-
proved mechanical properties utilizing several methods includ-
ing mechanical stretching, directional freeze-casting, and the in-
corporation of additional fillers.[9–15] For example, the combina-
tion of freeze-casting with salting-out was used to generate hi-
erarchical structures, leading to the enhanced mechanics of the
hydrogels.[9] Despite certain successes in developing anisotropic
hydrogels with high strength and toughness comparable to ten-
dons or ligaments, a notable problem that remains is that these
hydrogels tend to swell under physiological conditions owing
to the intrinsic hydrophilicity and high osmotic pressure in-
side the network. The swelling of hydrogels can cause remark-
able degradation of their mechanical strength and exert pres-
sure on the adjacent tissues.[16–19] Although a few anisotropic hy-
drogels with minimal swelling have been prepared, these works
primarily focused on mechanical properties while ignoring the
importance of biocompatibility, especially non-specific protein
adsorption.[20,21] When artificial materials are implanted in bio-
logical organisms, nonspecific proteins and other components
will adsorb onto the surface of the implantable hydrogels.[22,23]

Severe protein adsorption can lead to a number of biological re-
actions in vivo such as inflammation, immune response, and fi-
brous capsule formation. Such complications can lead to pain in
the surrounding tissues and the rejection of the implant by the
host, finally resulting in implantation failure. Thus, addressing
the issue of non-specific adsorption on implantable materials is
a key concern in the field of biomedicine.[24,25] Nevertheless, lit-
tle attention has been paid to the anti-protein adsorption ability
of these implantable anisotropic hydrogels.[20,26–28] Moreover, an
implantable hydrogel with the ability to convert deformation to
detectable electrical signals can be very useful in artificial tendons
to monitor and assess the functional recovery of joints. Recent
developments of conductive hydrogels as flexible sensors for de-
tecting various human movements in real-time have been widely
reported.[29] Nevertheless, less effort has been devoted to intro-
ducing the self-sensing ability into the implantable anisotropic
hydrogels for the management of artificial tendon assessment.
This limitation is mainly attributed to the swelling property and
non-biocompatibility of these hydrogels. To date, there has not
been a report on anisotropic conductive hydrogels that is capable
of simultaneously achieving the combination of high mechanical
property, excellent anti-swelling behavior, and excellent biocom-
patibility.

Herein, we report an anisotropic, high-strength, tough, and
conductive hydrogel with excellent anti-swelling ability and su-
perior biocompatibility, demonstrating its great potential to serve
as a multifunctional implantable artificial tendon. In this sys-
tem, poly(vinyl alcohol) (PVA) and cellulose nanofiber (CNF) are
chosen as the biocompatible polymer matrix and the collagen-
mimicking nanofiber reinforcing filler, respectively, and poly
(3,4-ethylenedioxythiophene):poly (styrene sulfonic acid) (PE-
DOT:PSS) is selected as the conducting component due to its
high electrical conductivity and good hydrophilicity. Uniquely,
by coupling prestretching-regulated oriented arrangement and
drying-induced strengthening, a dense and stable interconnected
polymer network of a hierarchically anisotropic structure is
formed, with highly entangled chains crosslinked by crystalline
domains and hydrogen bonding among PVA, CNF, and PE-

DOT:PSS. The high hydrophilicity of PVA, especially ─COOH
in CNF allows rapid and effective rehydration, so PCPP-D&S hy-
drogel with a dense network can absorb a large amount of wa-
ter after soaking in deionized water. These endow the obtained
anisotropic conductive hydrogel with significantly enhanced me-
chanical properties (tensile strength of 3.71 MPa, elastic modu-
lus of 1.1 MPa, and toughness of 9.86 MJ m−3) and a high-water
content of 72.5 wt% while maintaining the excellent anti-swelling
ability, a highly desirable underwater stability for implant materi-
als. Importantly, the hydrogel also has excellent biocompatibility
with remarkable protein resistance that is demonstrated in vitro
and in vivo. Meanwhile, its good strain sensitivity and reliable
durability enable the detection of different types of joint move-
ment underwater. With these, this hydrogel, acting as an artificial
tendon in an in vitro model, effectively restores the motion func-
tion of the joint while simultaneously monitoring the real-time
motion of the joint. Finally, it is successfully implanted at the ten-
don defect site in a rat model and greatly promoted the restora-
tion of animals’ motion function. This work provides a valuable
reference to the preparation of a new type of anisotropic hydrogel
system for applications in intelligent implantable artificial tissue
materials.

2. Results and Discussion

2.1. Design of Conductive Hydrogels with High Strength and
Anti-Swelling Properties

In order to achieve a conductive hydrogel with excellent anti-
swelling and mechanical properties, we proposed a drying and
rehydration approach to promote the densification of the poly-
mer network. The fabrication process and building blocks of the
hydrogels are illustrated in Figure 1a. Specifically, PVA was cho-
sen as the main matrix due to its tunable crystalline structure
and good biocompatibility,[30] and CNF was selected as a nano-
reinforcing filler to enhance the mechanical properties of the
hydrogels owing to its superior mechanical strength, collagen-
mimicking building blocks and rich hydrogen bond sites.[31,32]

In addition, PEDOT:PSS was added as the conductive compo-
nent due to its high conductivity, biocompatibility, and good dis-
persion in water.[33] The first step involved preparing the loosely
crosslinked PVA/CNF/PEDOT:PSS hydrogel via freeze-thawing
treatment of the precursor solution containing PVA, CNF, and
PEDOT:PSS (referred to as PCPP hydrogel). During this stage,
the crystalline domains between PVA chains, along with hydro-
gen bonding interactions between PVA, CNF, and PEDOT:PSS
chains were established, but the formed network structure had a
low degree of cross-linking due to the sparse entanglement be-
tween polymer chains. Subsequently, the peripheral edges of the
PCPP hydrogel were fixed with clamps to induce shrinkage in the
thickness direction during drying under atmospheric conditions
(as the edges of the hydrogel were fixed, the hydrogel thinned
significantly only in the thickness direction while did not shrink
horizontally during drying.) This process facilitated the condens-
ing of polymer chains, leading to the formation of more crys-
talline domains and extensive hydrogen bonding between CNF
and PVA.[18] By soaking the dried PCPP film in aqueous media,
the high hydrophilic nature of PVA and CNF allowed the rapid
and effective rehydration, allowing the final hydrogel to have a
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Figure 1. Schematic diagrams of fabrication and properties of the PCPP-D&S hydrogel. a) The drying-induced strengthening preparation procedure and
the crosslinked structure of the PCPP-D&S hydrogel. b) Optical images and c) SEM images of the PCPP and PCPP-D&S hydrogels. d) Photographs
showing i) a hydrogel strip lifting a 500 g weight, ii) a hydrogel slice being flexible for bending, and iii) a hydrogel strip lighting up the LED light.

densified network and a high equilibrium water content (referred
to as PCPP-D&S hydrogel).

Photos showed that the PCPP hydrogel with 2 mm thickness
exhibited low transparency. After the restrictive drying treatment
and rehydration, the thickness of the resulting PCPP-D&S hy-
drogel was considerably reduced (≈0.4 mm) with elevated trans-
parency (Figure 1b). This uniform shrinkage along the thick-
ness direction led to the densification of the crosslinked struc-
ture. Structural evolution before and after the reconstruction
of crosslinked structure was explored using scanning electron
microscopy (SEM), as shown in Figure 1c. The pristine PCPP
hydrogel had a typical porous structure with large pore sizes
ranging from 1 to 6 μm, indicating the loosely crosslinked net-
work. Remarkably, the PCPP-D&S hydrogel exhibited smaller
microporous structures (0.2–2 μm) with highly interconnected
compact networks and also showcased high mechanical per-
formances. For example, the flexible PCPP-D&S hydrogel strip
was strong enough to withstand a 500 g load without breakage
(Figure 1di,ii). In addition, the PCPP-D&S hydrogel also exhib-
ited good conductivity, evidenced by its ability to light up an LED
light (Figure 1diii).

2.2. Mechanical Properties, Strengthening Mechanism, and
Anti-Swelling Behavior of PCPP-D&S Hydrogel

The mechanical performances of the hydrogels were assessed
through tensile tests. Although the addition of CNF and
PEDOT:PSS contributed to the improvement of mechanical
strength, the PCPP hydrogel was still mechanically weak with

tensile strength of 0.45 MPa, elongation at break of 230%, elas-
tic modulus of 0.1 MPa, and toughness of 0.5 MJ m−3 (Figure 2a
and Figure S1, Supporting Information). After the reconstruction
to densify the crosslinked network, PCPP-D&S hydrogel exhib-
ited remarkably enhanced mechanical properties with a tensile
strength of 2 MPa, elongation at break of 490%, elastic modu-
lus of 0.45 MPa, and toughness of 3.74 MJ m−3. It was notable
that the tensile strength and toughness of the PCPP-D&S hydro-
gel were 4.4 and 7.4 times higher than those of the PCPP hy-
drogel, respectively. In this improved hydrogel, the CNF could
form hydrogen bonds with PVA chains and PEDOT:PSS, play-
ing an important role in enhancing mechanical strength.[31,32]

As the CNF content increased from 0 to 2 mg mL−1, the ten-
sile strength and toughness of the PCPP-D&S hydrogel increased
from 1.2 MPa and 2.21 MJ m−3 to 2 MPa and 3.74 MJ m−3, re-
spectively (Figure S2, Supporting Information). Further increas-
ing CNF content to 3 mg mL−1 or more led to a decrease in me-
chanical performance, possibly due to the excess CNF disrupting
the crystallization of PVA chains, which was confirmed by the X-
ray diffraction (XRD) spectrum (Figure S3, Supporting Informa-
tion). In addition, the mechanical properties of the PCPP-D&S
hydrogel can be tuned by varying the PVA content. When the con-
tent of PVA increased from 6 to 10 wt%, the tensile mechanical
performances of the PCPP-D&S hydrogel exhibited a monotoni-
cal increase (Figure S4, Supporting Information). However, high
PVA content (>12 wt%) led to a slight decrease in both tensile
strength and toughness. This phenomenon was related to the
fact that the high crosslinking density of polymer chains at ex-
cessively high PVA concentration limited polymer motion during
the stretching, resulting in premature fracture.[34] Although the
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Figure 2. Mechanical, structural, and anti-swelling properties of PCPP-D&S hydrogel. a) Stress–strain curves of PVA, PCPP, and PCPP-D&S hydrogels.
b) Fourier-transform infrared (FTIR) spectra and c) X-ray diffraction (XRD) of PCPP and PCPP-D&S hydrogels. d) Crosslinked structure of PCPP-D&S
hydrogel. e) Water content of PCPP-D&S hydrogel in deionized water for 72 h. f) Stress–strain curves and g) elastic modulus and toughness of PCPP-D&S
hydrogel in deionized water for different time periods. h) The conductivity of PCPP-D&S hydrogel in deionized water for various time periods. i) Photo
showing hydrogel conductor can still light up the LED light after being immersed in deionized water for 7 days. j) A qualitative comparison between
PCPP-D&S hydrogel and previously reported anti-swelling hydrogels. Error bars correspond to standard deviations.

introduction of PEDOT:PSS had a slight effect on the mechan-
ical properties, its primary purpose was to dope and homoge-
neously disperse PEDOT:PSS to endow the PCPP-D&S hydrogel
with suitable conductivity (Figure S5, Supporting Information).

The greatly improved high strength and superior toughness
of the PCPP-D&S hydrogel originated from the increased mul-

tiple crosslinked interactions and nano-enhancement effect of
CNF in the densified network. The shrinkage of the hydrogel
during the drying stage caused the polymer chains to come
close together.[21] Intermolecular interactions including hydro-
gen bonds and molecular entanglement between PVA, CNF, and
PEDOT:PSS enhanced, and crystalline domains bonded by PVA
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chains increased. Subsequent rehydration endowed the PCPP-
D&S hydrogel with high water content while maintaining the
formed multiple crosslinking interactions in the densified net-
work, thereby greatly strengthening the hydrogel. To confirm
the related strengthening mechanism, a series of characteriza-
tions were conducted. Fourier transform infrared spectroscopy
(FTIR) spectra (Figure S6a, Supporting Information) showed the
broad peak of O─H stretching vibration at 3000 to 3600 cm−1,
the peak at 1664 cm−1 of the stretching vibration of the ─COOH
in CNF and the S═O stretching vibration at 1295 cm−1, con-
firming the successful construction of PCPP and PCPP-D&S hy-
drogels. In addition, compared with PCPP hydrogel, the O─H
stretching vibration peak (3260 cm−1) was obviously sharper and
the maximum peak at 1090 cm−1 redshifted in the PCPP-D&S
hydrogel, demonstrating the increase of hydrogen bonding be-
tween polymer chains and the crystalline domains (Figure 2b
and Figure S6b,c, Supporting Information).[35] The XRD spec-
trum (Figure 2c) revealed that the diffraction peak at 2𝜃 =
19.7° corresponding to the (101) reflection plane of semicrys-
talline PVA in the PCPP-D&S hydrogel became sharper com-
pared with that of the PCPP hydrogel, indicating the formation
of more crystalline domains. This was further supported by the
Raman spectra (Figure S7, Supporting Information), where the
intensity of broad peaks increased significantly after the drying-
induced densification.[27,36] In addition, the differential scanning
calorimetry (DSC) results indicated that the freezing point and
melting point of water in PCPP-D&S hydrogel were significantly
lower than those in PCPP hydrogel (Figure S8, Supporting In-
formation). This suggested that more crystalline domains nucle-
ated during the drying process of the hydrogel, which interfered
with the formation of hydrogen bonds between water molecules,
thus preventing the freezing of water in the gel network.[37] These
characterizations collectively confirm the structural changes in
the PCPP-D&S hydrogel, which contribute to its enhanced me-
chanical properties.

Current high-strength hydrogels usually swell in aqueous en-
vironments, leading to a degradation of their mechanical prop-
erty and functionality. This limits their applications in liquid en-
vironments such as in vivo settings. The dense hydrogen bonds
and crystalline domains formed after drying and rehydration can
effectively resist the attack of water molecules (Figure 2d), endow-
ing the PCPP-D&S hydrogel with excellent anti-swelling proper-
ties. When the dried PCPP hydrogel was immersed in deionized
water, it could rapidly reach swelling equilibrium within a short
time (within 2 h, Figure S9, Supporting Information), resulting
in the reconstructed PCPP-D&S hydrogel. The PCPP-D&S hydro-
gel remained stable without significant size changes (Figure 2e,
inset pictures), while the size of a rectangular PCPP hydrogel
showed an obvious increase after 3 days of immersion (Figure
S10a, Supporting Information). The real-time swelling curves in
Figure 2e show that the PCPP-D&S hydrogel achieved an almost
unchanged water content of 75 wt% in deionized water for 3
days comparable to natural tendon’s 60–80 wt% water content.
Next, the mechanical performance of the PCPP-D&S hydrogel
after swelling in deionized water within 7 days was evaluated
(Figure 2f,g). With the extension of time, the mechanical prop-
erties of the PCPP-D&S hydrogel remained almost unchanged,
demonstrating superb mechanical stability, while the mechanical
property of the PCPP hydrogel greatly deteriorated after swelling

for 7 days (Figure S10b, Supporting Information). Moreover, the
conductivity of the PCPP-D&S hydrogel can also remain stable
during the immersion for 7 days (Figure 2h), as demonstrated by
its ability to still light up the LED light (Figure 2i). To further sim-
ulate the physiological environment, the anti-swelling property
of the PCPP-D&S hydrogel in phosphate-buffered saline (PBS)
solution was explored. It was observed that PCPP-D&S hydro-
gel immersed in PBS solution for 7 days had excellent mechani-
cal performances and the tensile strength was even much higher
than the initial state (2 vs 3 MPa, Figure S11, Supporting Infor-
mation). This may be attributed to the presence of salt ions that
shielded the carboxyl groups on CNF, prompting the formation
of more hydrogen bonds. As a notable example, several essential
parameters about the PCPP-D&S hydrogel were listed (includ-
ing tensile strength, elongation at break, elastic modulus, and
toughness), which were compared with recently reported anti-
swelling hydrogels.[38–47] The hydrogel presented in this work
possessed the best combination of anti-swelling, tensile strength,
elastic modulus, and toughness, which endowed it with great po-
tential application in the field of implantable structural materials
(Figure 2j and Table S1, Supporting Information).

2.3. Prestretching-Mediated Network Structure for Constructing
Anisotropic PCPP-SD&S Hydrogel with Enhanced Mechanics

To replicate the characteristics of the natural tendon such
as a hierarchically anisotropic structure and high mechanical
strength, a uniaxial pre-stretching was combined with the drying-
rehydration process applied to isotropic PCPP hydrogel (Figure
3a and Figure S12, Supporting Information). When the PCPP hy-
drogel was uniaxially stretched, the fibrillar network was aligned
in the direction of the tensile stress. In the subsequent drying
process with its length fixed along the stretching direction, di-
rectionally aligned nanofibers were confined through hydrogen
bonds, resulting in a permanently oriented fibrillar network.[48]

After the rehydration in aqueous media, the hydrogel with
anisotropic structure formed (referred to as PCPP-SD&S hydro-
gel). The SEM results revealed a unique tendon-like microstruc-
ture of PCPP-SD&S hydrogel (Figure 3b and Figure S13, Sup-
porting Information), in contrast to that of the isotropic PCPP-
D&S hydrogel (Figure 1c). The axial section in PCPP-SD&S hy-
drogel showed a highly aligned layered fiber structure with fiber
diameters of 20 to 200 nm (in tendons, the cell-attached collagen
fibers are in the range of 50–200 nm in diameter and 3–10 μm in
length).[49,50] To further evaluate the anisotropic structure, the hy-
drogel was examined by polarization optical microscope (POM)
with the hydrogel sample placed between the orthogonal polar-
izer and plane of the analyzer to observe the POM images.[18]

As a control, the POM image of PCPP-D&S hydrogel was com-
pletely dark in the orthogonal direction. Even when the sample
was deflected by 45° with respect to the stage, the POM image
was still completely dark, indicating its isotropic structure (Figure
S14, Supporting Information). In contrast, for PCPP-SD&S hy-
drogel, a completely dark POM image was displayed in the or-
thogonal direction, while a bright image appeared when the sam-
ple was deflected by 45° (Figure 3c).[20] The alternation of light
and dark changes confirmed that PCPP-SD&S hydrogel was op-
tically anisotropic, which was consistent with SEM observation.
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Figure 3. Construction and properties of anisotropic PCPP-SD&S hydrogel with enhanced mechanics. a) Schematic illustration of preparing the hierar-
chically anisotropic structure of PCPP-SD&S hydrogel. b) SEM images of PCPP-SD&S hydrogels along the pre-stretching direction (vertical). c) Polarizing
optical microscopy (POM) images of PCPP-SD&S hydrogel in the orthogonal orientation and after the samples were deflected by 45°. d) SAXS patterns of
PCPP-D&S and PCPP-SD&S hydrogels. Scale bar: 0.05 Å−1. e) Stress–strain curves and f) elastic modulus and toughness of PCPP-D&S and PCPP-SD&S
hydrogels obtained by controlling different degrees of uniaxial pre-stretching (100%, 150%, and 200%). Inset: ver is for vertical, along the pre-stretching
direction; hor is for horizontal, perpendicular to the pre-stretching. g) Cyclic loading–unloading curves and h) tensile strength at a maximum strain
of 100% after 1 h of relaxation underwater between two consecutive tests. i) Tearing curves (Inset: Schematic diagram showing the tearing process of
the anisotropic PCPP-SD&S hydrogel) and j) corresponding dissipated energy of PCPP-D&S and PCPP-SD&S1.5×ver hydrogels. Error bars correspond to
standard deviations.

From small-angle X-ray scattering (SAXS), it could be seen that
the 2D pattern of PCPP-D&S showed uniform scattering rings
at all different azimuths, while the PCPP-SD&S hydrogel dis-
played a shuttle-shaped scattering pattern (Figure 3d), further re-
vealing the highly oriented fibrillar network of the PCPP-SD&S
hydrogel.[26]

The stretching-induced formation of the oriented fiber struc-
ture greatly affected the mechanical properties of PCPP-SD&S
hydrogel. The oriented fiber structure and interfibrillar inter-
actions could be controlled by adjusting the degree of uniax-
ial stretching. Thus, we prepared a series of PCPP-SD&S hy-

drogels with 100%, 150%, and 200% prestretching strains, de-
noted as PCPP-SD&S1×, PCPP-SD&S1.5×, and PCPP-SD&S2×, re-
spectively. The mechanical properties of these hydrogels were
then investigated. Apparently, the PCPP-SD&S hydrogel showed
distinct mechanical properties in the parallel (PCPP-SD&Sver)
and perpendicular (PCPP-SD&Shor) direction relative to the
alignment direction. For example, the PCPP-SD&S1.5×ver hydro-
gel exhibited significant mechanical reinforcement in terms of
strength, stiffness, and toughness, while the stretching-induced
orientation resulted in a decrease in the mechanical proper-
ties of the PCPP-SD&S1.5×hor hydrogel (Figure S15, Supporting

Adv. Funct. Mater. 2023, 2309500 © 2023 Wiley-VCH GmbH2309500 (6 of 12)
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Information). This difference may be attributed to the differ-
ent contributions from fibers oriented in different directions. As
the prestretching strains increased, the tensile strength and elas-
tic modulus of the PCPP-SD&Sver hydrogel gradually increased,
while the tensile strain gradually decreased, and the toughness
first increased and subsequently decreased (Figure 3e,f). The
PCPP-SD&S1.5×ver hydrogel exhibited the best combination of
the high tensile strength (3.71 MPa), elastic modulus (1.1 MPa),
toughness (9.86 MJ m−3), and elongation at break (505%). The
strength, modulus, and toughness values were 1.9, 2.4, and 2.6
times higher than those of the corresponding isotropic PCPP-
D&S hydrogel. Moreover, the properties of PCPP-SD&S1.5×ver hy-
drogel remained stable in an aqueous environment with high wa-
ter content (72.5 wt%) similar to isotropic PCPP-D&S hydrogel
(Figure S16, Supporting Information), indicating excellent anti-
swelling property.

As load-bearing materials, the hydrogels are inevitably sub-
jected to repeated external forces during use. The cyclic loading–
unloading test was conducted to examine whether the forma-
tion of the directional fibrillar network affected the mechani-
cal energy dissipation.[51] At the maximum strain of 200%, the
PCPP-SD&S1.5×ver hydrogel exhibited a more pronounced hys-
teresis loop with dissipation energy as high as 900 kJ m−3. The
higher hysteresis compared to PCPP-D&S hydrogel (Figure S17,
Supporting Information) demonstrated the enhanced energy dis-
sipation capability due to the interplay of the fibrillar network.
Furthermore, the dissipation energy of PCPP-SD&S1.5×ver hy-
drogel was significantly higher than PCPP-SD&S1.5×hor hydro-
gel, clearly representing that PCPP-SD&S1.5×ver hydrogel was not
only structurally but also mechanically anisotropic. A succes-
sive cyclic tensile test on an unnotched PCPP-SD&S1.5×ver sam-
ple at a maximum strain of 50% without resting time between
each cycle was conducted to evaluate the fatigue hysteresis. The
loading–unloading curves of the hydrogel reached steady states
after only ten cycles, and the hysteresis loops were almost over-
lapping where the maximum nominal stress remained nearly
steady in the subsequent 600 cycles (Figure S18, Supporting In-
formation). These results proved that the hydrogel had good fa-
tigue resistance. As illustrated in Figure 3g, more than 80% of
the hysteresis can be recovered after 60 min of relaxation un-
derwater at 100% strain for three loadings, indicating that most
of the sacrificial hydrogen bonds responsible for energy dissipa-
tion can reform during the relaxation step. It is noteworthy that
the maximum stress can recover to a larger value than the ini-
tial state after three loading–unloading cycles (Figure 3h). This
can be attributed to some polymer chains being unzipped dur-
ing the loading–unloading cycle and rearranged to form more
optimized hydrogen bonds in the relaxation stage, resulting in
stronger mechanical properties.[52] This self-recovery ability was
of great significance and can effectively extend the service life of
materials.[53] In addition, the aligned fibrous network can effec-
tively prevent crack propagation, giving the hydrogel good frac-
ture resistance. The energy per unit area required for the fracture
of aligned nanofibers during the stretching process was higher
than that of the corresponding unordered polymer chains. As
a result, the tearing energy of the PCPP-SD&S1.5×ver hydrogel
(1.07 kJ m−2) was higher than that of isotropic PCPP-D&S hydro-
gel (0.7 kJ m−2, Figure 3i,j). Moreover, we also performed cyclic
tensile tests for the notched PCPP-D&S hydrogel sample. The

notched specimen was cyclically stretched 1000 times at a rate
of 50 mm min−1. The results showed that after 1000 times of
cyclic stretching of the hydrogel sample with a large notch of
2 mm, the crack barely propagated (Figure S19 and Video S1,
Supporting Information). Even when the incision samples were
manually stretched with greater force, there was still no fracture
(Video S2, Supporting Information). The formation of an aligned
layered fiber structure facilitates the stress transfer between in-
dividual fibrils and prevents inter-fibril sliding. As a result, en-
ergy dissipation ahead of a crack tip expands to the entire net-
work, effectively hindering the notch propagation. These results
demonstrated that the hydrogel was insensitive to cracks and
highly fatigue-resistance to defects and damage. In summary,
the resulting hydrogel showed an anisotropic structure with
an extraordinary combination of strong mechanical properties
(including strength, fatigue resistance, and self-recoverability).
This simple strengthening and structural orientation mecha-
nism has great potential in constructing the anisotropic hydro-
gel with high mechanical performances as biomimetic artificial
tissues.

2.4. Biocompatibility and Antifouling Ability of the PCPP-SD&S
Hydrogel

The cytotoxicity of the PCPP-SD&S hydrogel was assessed using
the Cell Counting Kit-8 (CCK-8) assay and live/dead staining of
L929 fibroblasts. The fluorescent images in Figure 4a show that
the L929 cells incubated with 50% and 100% hydrogel extracts
displayed high activity (green) with good spindle morphology and
only a few dead cells (red) were observed. This was similar to that
of the L929 cells incubated with the RPMI 1640 medium (the con-
trol group). Figure 4b shows the result of the cell viability tested
by the CCK-8. The cell viability remained above 80% after 24 and
48 h culturing in 50% and 100% hydrogel extracts compared to
the control group, indicating the good cytocompatibility of the hy-
drogel. Foreign body reactions triggered by implanted materials
can lead to surgical failure in tissue engineering and regenerative
medicine. Implants in the body will be recognized and attacked
by immune cells, causing immune rejection and the formation
of a fibrous capsule over time, initiated by nonspecific protein
adsorption onto implant surfaces followed by cell adhesion.[54]

Therefore, the nonspecific protein resistance of implants is cru-
cial to reduce the foreign body reaction. The protein resistance
properties of PCPP-SD&S hydrogel were evaluated with bovine
serum albumin (BSA) and fibrinogen in vitro. Compared to the
tissue culture polystyrene (TCPS), the BSA and fibrinogen ad-
sorptions of the hydrogel decreased by about 58.2% and 71.2%
(Figure S20, Supporting Information, and Figure 4c). In addi-
tion, the anti-cell adhesion behavior was further assessed using
L929 cells. As shown in Figure S21, Supporting Information
and Figure 4d, after 12 and 24 h of incubation, a large number
of L929 cells adhered to the surface of TCPS, in contrast, only a
few cells adhered to the surface of the hydrogel. These results in-
dicated that the PCPP-D&S hydrogel exhibited outstanding anti-
fouling properties, mainly due to the superhydrophilicity of the
hydrogel (Figure S22, Supporting Information) that reduced the
interactions between the protein, cells, and the hydrogel through
the stable hydration layer formed on the hydrogel surface.[55]
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Figure 4. Anti-fouling performance and biocompatibility of the PCPP-SD&S hydrogel. a) Live/dead staining of L929 cells after 48 h of incubation with the
PCPP-SD&S hydrogel extractions. Scale bars: 50 μm. b) CCK-8 assay of L929 fibroblast cells cultured in media treated with different hydrogel extracts for
24 and 48 h. c) Relative protein adsorption of fibrinogen on TCPS and the PCPP-SD&S hydrogel. d) Fluorescence images of L929 adhered onto TCPS and
PCPP-SD&S hydrogel surfaces after 24 h of incubation. Scale bars: 100 μm. e) H&E and f) Masson’s trichrome staining of tissue sections surrounding
the implants after 2 weeks. Scale bar: 200 μm. Error bars correspond to standard deviations.

To further assess the suitability for in vivo biomedical applica-
tions, the PCPP-SD&S hydrogel was implanted subcutaneously
on the back of mice for 1 and 2 weeks, respectively. Skin tissues in
contact with the hydrogel sample were collected from mice after 1
and 2 weeks, and skin tissues collected from mice that did not un-
dergo any surgeries were selected as the negative control. All skin
tissues were treated with hematoxylin-eosin (H&E) and Masson’s
trichrome staining for further histological analysis. As shown in
the H&E staining images in Figure S23a, Supporting Informa-
tion, after 1 week of implantation, a few inflammatory cell aggre-
gations were observed at the interface between the tissue and the
implanted hydrogel, compared to the negative control. After in-
creasing the post-surgery observation time to 2 weeks, very few
inflammations were observed, which was similar to the negative

control (Figure 4e). These results indicated that few inflamma-
tions were observed after 1 week of the hydrogel implantation,
and the inflammatory reaction was alleviated after 2 weeks. Fur-
thermore, Masson’s trichrome staining was then applied to ob-
serve the formation of a fibrous capsule around the hydrogel.
After 1 week of operation, the interface between the tissue and
the implanted hydrogel showed a slightly thicker fibrous capsule
than that of the control group (Figure S23b, Supporting Infor-
mation). After 2 weeks of operation, no obvious fibrous capsule
formation was observed, which was similar to the healthy tissue
in the negative control (Figure 4f). Overall, these results showed
that the PCPP-SD&S hydrogel demonstrated excellent biocom-
patibility both in vitro and in vivo, without causing obvious in-
flammatory response and foreign body reaction.

Adv. Funct. Mater. 2023, 2309500 © 2023 Wiley-VCH GmbH2309500 (8 of 12)
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2.5. Demonstration of the Potential Application as Intelligent
Artificial Tendon

Typically, when artificial materials are used as the substitute for
an injured tendon, there is an absence of effective monitoring of
the injury recovery process. The continuous monitoring of joint
motion during the restoration process is significant for joint mo-
tion rehabilitation. Empowering artificial materials with sensing
properties can quantitatively and continuously monitor and eval-
uate the rehabilitation of joint motion. The PCPP-SD&S hydrogel
has good conductivity (0.3 S m−1) and thus can serve as a sen-
sor to monitor mechanical deformation. First, we evaluated the
strain-sensing performances of the hydrogel (Figure S24, Sup-
porting Information). Strain factor (gauge factor, GF) is an im-
portant parameter to evaluate the sensitivity of a sensor, defined
as GF = (ΔR/R0)/𝜖, where ΔR is resistance variation, R0 is the
initial resistance, and 𝜖 is tensile strain.[56] The GFs were 0.88
and 1.30 in the strain regions of 0–50% and 50-505%, respec-
tively, exhibiting the two-staged linear response with high sensi-
tivity (Figure S24a, Supporting Information). The response sig-
nals at different cyclic strains (10%, 30%, and 50%) greatly var-
ied and the patterns of each cycle were highly similar at the same
strain (Figure S24b, Supporting Information), indicating the hy-
drogel could differentiate different levels of strains with superior
reliability. The peak variations of the relative resistance are al-
most the same at different stretching rates and the ∆R/R0 sig-
nals were nearly reproducible at a strain of 50% over 600 cycles
(Figure S24c,d, Supporting Information). These results validate
that the hydrogel had good dynamic stability and long-term re-
liable sensing performances. The overall sensing performance
and excellent anti-swelling property enabled the PCPP-SD&S hy-
drogel sensor to find potential applications in monitoring joint
motion in a wet environment. When such strain-sensing hydro-
gels were fixed on human joints (fingers, elbows, and knees), a
stable repetitive response was observed as the joint bent with dif-
ferent motion amplitudes underwater (Figure S25, Supporting
Information). The hydrogel sensor can respond to the target mo-
tion in time and output the sensing signal in real-time, present-
ing its potential as a smart artificial tendon capable of real-time
joint motion monitoring.

The tendon-mimicking anisotropic structure, high mechani-
cal strength, excellent anti-swelling property, good biocompatibil-
ity, and outstanding underwater self-sensing capability all point
to the PCPP-SD&S hydrogel being a good candidate for intelli-
gent artificial tendon implants, as illustrated in Figure 5a,b. We
first installed the hydrogel on a human knee joint model to sim-
ulate the actual application. Specifically, the tibial collateral lig-
ament on the knee joint model was replaced by a PCPP-SD&S
hydrogel. After the integration of the hydrogel into the joint site,
various bending states of the joint into different angles were
achieved even in fluid conditions (Figure 5a and Video S3, Sup-
porting Information), indicating its potential of effectively restor-
ing joint mobility as an artificial substitute of natural tendons.
In the meantime, these joint bending states were monitored in
real-time by the ΔR/R0 of the succedaneous hydrogel. Specifi-
cally, the observed ΔR/R0 exhibited a stepwise growth/decrease
pattern when the angles were increased/decreased between 0°

and 120° (Figure 5c). The ΔR/R0 value remained constant when
the joint model bent to the same angle. The bending process of

the joint model can be repeated and the corresponding ΔR/R0
remained basically unchanged in 100 consecutive bending cycles
(Figure 5d), demonstrating the excellent durability of the hydro-
gel as the intelligent artificial tendon. Overall, the above in vitro
experiments prove that the PCPP-SD&S hydrogel, as an artificial
tendon, can not only effectively restore joint movement, but also
monitor the real-time situation of joint rehabilitation.

In order to further evaluate the potential of the anti-swelling
PCPP-SD&S anisotropic hydrogel for reconstructing tendon de-
fects in clinical applications, in vivo evaluation using typical rat
tendon replacement models was performed. The establishment
of the rat tendon substitution model is illustrated in Figure 5e.
First, the tendons of SD rats were notched in the middle using
scissors. Then, the sterilized hydrogel splines were implanted
into the tendon defect and fixed by suturing. After the wound
was sutured, penicillin was injected regularly. For comparison,
in the control group, only a notch was produced in the tendon,
and penicillin was injected after the wound was sutured. It is
shown in Figure 5f that the wound of the rat in the experimental
group was red and swollen after 1 day of operation. After 1 week
of operation, it was observed that the shape of the hind legs of
the rat had basically recovered (the stitches of the experimental
group had been removed), and both the redness and swelling had
mostly disappeared. In contrast, in the control group, the degree
of wound healing in tendon defects was significantly lower. After
2 weeks of the implantation, the exercise routine on a balance bar
for the rat implanted with the hydrogel grafts essentially returned
to a normal state, and the rat’s balancing motion was visually ob-
served to be better than those of the control groups (Videos S4 and
S5, Supporting Information). These results demonstrate that the
PCPP-SD&S hydrogel, as the tendon substitution, can effectively
facilitate the restoration of the joint movement ability of the rats
with injured tendons.

3. Conclusion

In summary, we have successfully developed an anisotropic con-
ductive hydrogel with high strength, high toughness, superior
swelling resistance, excellent strain sensitivity, and biocompat-
ibility by integrating the drying-induced strengthening mecha-
nism and pre-stretching-regulated ordered arrangement strategy.
The densification of polymer chains induced by drying and re-
hydration led to the formation of a compact and stable network
with multiple crosslinking interactions including crystalline do-
mains and hydrogen bonds among PVA, CNF, and PEDOT:PSS
chains. These interactions greatly improved the mechanical prop-
erties and anti-swelling ability of the obtained PCPP-D&S hydro-
gel. The integration of the uniaxial pre-stretching and drying-
rehydration process resulted in a dense and permanently ori-
ented fibrillar network confined via hydrogen bonds, which en-
dowed the resulting hydrogel with anisotropic structure, ex-
ceptional mechanical properties, and excellent stability under-
water. Moreover, the hydrogel demonstrated excellent protein-
resistance and biocompatibility, without inducing any signifi-
cant inflammation response or fibrous capsule formation, mak-
ing it a safe option for implantable materials. In addition,
the good strain sensitivity enables this anisotropic hydrogel to
capture sensing signals of various joint movements underwa-
ter. As an artificial tendon in an in vitro model, the hydrogel
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Figure 5. Potential application of the PCPP-SD&S hydrogel as intelligent artificial tendon. a) Photos of the assembled intelligent artificial tendon at
different bending states: i) the original knee joint model, ii) the knee model with a PCPP-SD&S hydrogel strip attached as an artificial tendon, iii) bending
at 90° underwater, and iv) returning to the vertical state. b) Schematic diagram of Achilles tendon repair with hydrogel substitute. c) Relative resistance
changes (ΔR/R0) of the PCPP-SD&S hydrogel artificial tendon during the bending of tendon substitution model at various angles underwater. d) ΔR/R0
of the PCPP-SD&S hydrogel artificial tendon during tendon substitution model bending from 0° to 120° for 100 cycles. e) Schematic diagram showing the
in vivo animal test process. f) The right hind limb of SD rats recovered at different times after operation with the hydrogel artificial tendon, in comparison
with the rat without using the hydrogel (control). Scale bar: 1 cm.

effectively restored joint movement while monitoring the sta-
tus of the joint rehabilitation. In addition, in a rat model of ten-
don defect, the PCPP-SD&S hydrogel showed promising perfor-
mance as a tendon substitute, with animals recovering their nor-
mal motor function after a 2-week implantation period. Overall,
such hydrogels hold great potential applications in therapeutics
and rehabilitation, as intelligent implantable materials for treat-
ing various malfunctional tissues with stimulation and detection
abilities.

4. Experimental Section
Materials: PVA (MW= 145 000; 99% hydrolyzed,) was purchased from

Shanghai Aladdin Co., Ltd. CNFs (diameter: ≈10–20 nm, length: 1–2 μm,
1 wt%) were purchased from Tianjin Mujingling Technology Co., Ltd. PE-
DOT:PSS dispersion (Clevios PH1000, Heracus) and PBS (pH = 7.4) were
purchased from Sigma-Aldrich. Fibrinogen from human plasma (≥85%
of protein is clottable) was purchased from Beijing Lanjieke Technology
Co. Ltd. Bicin-choninic acid (BCA) Protein Assay kit was purchased from
Shanghai Beyotime Biotechnology Co., Ltd. CCK-8 and acridine orangepro-

pidium iodide (AO/PI) Double Staining Kit were purchased from Beijing
Solarbio Technology Co., Ltd. Standard fibroblast cell line L929 fibroblasts
were provided by the Cell Bank of the Chinese Academy of Sciences, Shang-
hai, China. All solvents and chemicals were purchased from commercial
sources and used without further purification unless otherwise indicated.

Synthesis of PCPP, PCPP-D&S, and Anisotropic PCPP-SD&S Hydrogels:
Typically, a certain amount of PVA powders were dissolved in 10 mL
deionized water and stirred for 2 h at 95 °C to form a PVA solution.
Subsequently, CNF dispersions and PEDOT:PSS dispersion were added
into the PVA solution under stirring for 2 h to obtain the PCPP precur-
sor solution. After three freezing-thawing cycles, the PCPP hydrogel was
prepared.

The peripheral edges of the prepared PCPP hydrogel were fixed, which
was placed at 60 °C for 3 h until it was completely dried. The obtained xero-
gel was then immersed in deionized water for 3 days at room temperature
to reach swelling equilibrium, forming isotropic drying-induced enhanced
hydrogel, which was denoted as PCPP-D&S hydrogel.

The obtained PCPP hydrogel was uniaxially pre-stretched to a particular
strain (100%, 150%, 200%), and the two ends of the stretched hydrogel
were fixed on the mold. Then, the sample was thoroughly dried at 60 °C
for 3 h (maintained in the pre-stretched condition during this process). Fi-
nally, the dried sample was immersed in water for 3 days to reach swelling
equilibrium to fabricate the anisotropic PCPP-SD&S hydrogel.
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Characterization: The chemical structure of the hydrogel samples was
characterized by FTIR spectroscopy (Thermo Nicolet Corporation) in the
range of 400–4000 cm−1 at room temperature and Raman spectrometer
(Horiba Jobin Yvon Xplora PLUS). XRD measurement was obtained by
X-ray diffractometer (Rigaku, SMART LAB) under Cu-K𝛼 radiation (𝜆 =
1.5418 Å). DSC analysis was performed using a Discovery DSC 250 in-
strument under a nitrogen atmosphere. The hydrogel samples were first
cooled from room temperature to −60 °C and then heated to 50 °C at a
rate of 3 °C min−1. The morphology and microstructure of the hydrogels
were observed by an SEM (SUPRA 55, Zeiss, Germany) and POM (Nikon,
LV100POL). SAXS measurements were carried out at Xeuss 2.0 (Xenocs,
France) with an X-ray wavelength of 1.54 Å. The sample-to-detector dis-
tance was 1185 mm. The water contact angle (WCA) was observed by an
automatic tilting contact angle measuring instrument (SDC-350, Dong-
guan Shengding Precision Instrument Co., Ltd.).

Statistical Analysis: Data represent the mean ± SD of at least three
replicates. Statistical analyses were performed with GraphPad Prism soft-
ware.
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Supporting Information is available from the Wiley Online Library or from
the author.
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